The Ir-Fe and Ir-Ni alloy systems were studied over the whole composition range by means of the nuclear resonance absorption of the 73 keV y-rays of 193Jr and of the 14.4 keV y-rays of 57Fe. The magnetic hyperfine field at the Ir-nuclei in Ir-Ni alloys decreases approximately linearly with the Ir concentration from -460 kOe at 4.2 K in very dilute alloys to zero at about 20 at.-% Ir. This behaviour is paralleled by the decrease of the magnetic moment per Ni atom as determined from bulk magnetization measurements. The hyperfine fields at both Ir and Fe were measured for the ferromagnetic bcc phase of the Ir-Fe system. They turned out to be virtually independent of concentration with values of about -1400 kOe and -330 kOe, respectively. Linewidths increasing with the Ir concentration indicate a distribution of hyperfine fields. The fee phase of the Ir-Fe system has been found to be paramagnetic at 4.2 K throughout the range of its existence. The dependence of the hyperfine fields on concentration is discussed in terms of a rigid 3d-band model combined with local shielding. A discussion of the concentration dependence of the 193Ir and 57Fe isomer shifts has to take into account lattice expansion as well as band repopulation effects.
Introduction
The understanding of the magnetic behaviour of 3d solutes in 3d solvents as represented by the Slater-Pauling curve is fairly well advanced 1. The present work was undertaken in an effort to im prove the knowledge about 5d solutes in 3d solvents. We report a systematic study of solid solutions of iridium in iron and nickel covering the entire concentration range.
The nuclear resonance absorption of the 73.2 keV y-rays of 193Ir has been used to study the properties of the Ir-Ni and Ir-Fe alloy systems. The lifetime of the 73keV level is sufficiently long2 for well-resolved magnetic hyperfine patterns to be observed 3~6, from which the hyperfine fields can be obtained with high accuracy. For the Ir-Fe alloys supplementary information on the iron hyperfine fields was obtained from the nuclear resonance ab sorption of the 14.4 keV y-rays of 57Fe. Informa- tion on the s-electron density at the nuclei of both Ir and Fe is obtained from the isomer shifts of the 73.2 keV and 14.4 keV y-rays.
Magnetic susceptibility measurements performed at 4.2 K on all ferromagnetic alloy samples yielded the ordered magnetic moment per Fe or Ni atom, respectively, while x-ray patterns taken from all samples gave information on the phase constitution and lattice constants of the alloys.
The Ir-Ni alloy system has only recently been investigated extensively by B u c h e r et al.7, who studied the crystal structure, specific heat, and magnetic susceptibility. According to these authors iridium and nickel form a continuous series of facecentered cubic solid solutions. No ordered phase could be detected. Ferromagnetism has been ob served 8 for Ni-rich alloys, with both the Curie temperature and the ordered magnetic moment decreasing with the Ir concentration and extrapolat ing to zero at about 20 at.% Ir.
Ir and Fe likewise form a continuous series of solid solutions. The phase diagram has been established by Fallot9,10. For Ir concentrations below about 20 at.% the fee 7-phase is stable at elevated temperatures only, whereas the stable lowtemperature modification is of the bcc a-iron type. The Curie temperature of the bcc a-phase stays virtually constant up to 5 at.% Ir 9, where the transi tion temperature begins to fall below the Curie point. On the other hand, the fee phase remains paramagnetic down to 4.2 K for all compositions.
Experimental Details
The nuclear gamma resonance absorption of the 73.2 keV 7-rays of 193Ir was observed with both the source and the absorbers cooled to 4.2 K in a liquidHe cryostat. Sources of 1930s (Ti/2 = 31 h) in Os metal were produced by neutron irradiation of 25 mg quanti ties of enriched 1920s of 98.7% isotopic abundance in a thermal flux of 2-1013 n/s-cm2. Due to the non-zero electric field gradient at the nuclear sites in the hexa gonal osmium lattice the emission line of such sources is an unresolved quadrupole doublet. Since the magni tude of the quadrupole splitting is, however, well known 5, it can be taken into account in the evaluation of the data and has hardly any influence on the re liability of the results obtained for the hyperfine para meters of the absorbers. The 73.2 keV 7-rays were de tected by a Ge(Li) diode and stored in a multichannel analyzer operated in the multiscaler mode and syn chronized to the sinusoidal motion of the source.
The transmission experiments with the 14.4 keV 7-rays of 57Fe were performed with the source of 57Co in Pd and the absorbers at room temperature. During these experiments the velocity calibration was monitor ed by a second 57CoPd source mounted on the velocity drive and an absorber of pure metallic iron. The 7-rays were detected by two argon-methane proportional counters, and both transmission spectra were stored into the 1024 channel memory of one multichannel ana lyzer by means of an electronic interface described elsewhere n .
For the preparation of the alloys iridium metal of 99.9% purity from Degussa AG, Hanau, and Fe metal of 99.998% as well as Ni metal of 99.999% purity, both supplied by Koch-Light Ltd., Colnbroke, England, were used. The samples weighing several grams each were melted in an argon-arc furnace, the buttons being turned over and remelted several times to improve the homogeneity. The weight loss of the samples during melting and remelting was less than 1% of the sample weight.
From the Ir-Ni alloy ingots, which covered the com position range between 1.5 at.-% and 73.5 at.-% Ir, powder samples were filed and enclosed in lucite con tainers for use as resonance absorbers.
From the Ir-Fe alloys, the composition of which ranged from 0.7 at.-% to 72.4 at.-% Ir, foils of appro priate thickness for the 57Fe measurements were pro duced by coldrolling. Absorbers of suitable thickness for the measurements on 193Ir were obtained by stack ing several layers of these foils. Additionally, Ir-Fe alloy absorbers for the 193Ir measurements were pre pared by filing like in the case of Ir-Ni alloys. Since the filings contained iron contaminations from the file, they were not used for the 57Fe measurements.
From part of each of the alloy ingots, as well as from pure Fe and Ni, small cylinders of 3 mm dia meter and a length of 5 mm were turned on a lathe. These were used for measurements of the bulk mag netization at 4.2 K by an induction method 12 in fields up to 50 kOe produced by a superconducting solenoid. From the saturation magnetization of the ferromagne tic samples the magnetic moment per Fe or Ni atom, respectively, was derived. For the pure Fe and Ni samples used to calibrate the apparatus magnetic mo ments of 2.22 jur and 0.61 //b per atom 13 were assum ed. The magnetic moments per nickel and iron atom, respectively, which are given in Tables 1 and 2 were calculated on the assumption that the Ir atoms in both alloy system behave like magnetic vacancies and carry no magnetic moment.
Results
The results of the nuclear resonance absorption and magnetization measurements are compiled in Tables 1 -3 , and some of the transmission spectra are reproduced in Figs. 1 -3 .
The 73.2 keV transition in 193Ir, proceeding be tween the first excited state with spin l/2 + and the 3/2+ groundstate, is of mixed E2/M1 character. Since the excited state g-factor is much larger 4 than that of the groundstate, the magnetic hyperfine pat terns consist of two well-separated sets of four lines each. The groundstate splitting is resolved in the Ir-Fe but not in the Ir-Ni alloys. The least-squares fits of 16 Lorentzian lines to the measured Zeeman patterns allowed for the quadrupole splitting in the Os metal source, the magnitude of which was always kept constant at the known5 value of c Q Vzz/4 = (0.24 ± 0.01) mm/s. The relative inten sities of the eight lines in the absorber could be An electric quadrupole interaction of the 3/2+ ground-state with an axially symmetric field gradient was allowed for in all alloy absorbers. In the ferromagnetic phases the symmetry axis of the electric field gradient was assumed to be parallel to the magnetic hyperfine field. Actually one expects the local field gradients to depend on the individual environment of the iridium atoms, and the e Q Vzz/^ values given in Tables 1 and 2 have to be regarded as average values only. Whenever the magnetic hyperfine interaction of the 3/2+ state is large compared to the electric quadrupole coupling, only the projection of the electric gradient tensor on the direction of the hyperfine field is seen in the nuclear resonance spectra. For a random relative orientation of both, the average value of e Q Vzzj 4 may become zero, the net effect on the spectra being some line broadening. The obvious absence of this effect in the paramagnetic alloys may explain the abrupt increase of the average quadrupole splitting e Q Vzz/4 on the breakdown of ferromagnetism as displayed by the data of Tables 1 and 2 . The magnetic hyperfine fields Hi given in Tables 1 and 2 were derived from the experimental values of the excited state Zeeman splitting
Hi with <7i/2=1.007±0.003, the ^-factor determined by nuclear gamma resonance in an ex ternal magnetic field15,16. About 1% larger values for the hyperfine fields would be obtained from the groundstate splitting #3/2 ^ Hj together with the NMR value 17 < 73/2 = 0.10589 ± 0.00006 for its ^-fac tor. This discrepancy is due to the large hyperfine anomaly18,19 between the l/2 + and the 3/2+ state of 193I r 5 > 6 > 15, and renders the interpretation of magnetic data in terms of effective magnetic fields somewhat uncertain. Our definition of Hi has been prompted by nuclear model arguments, according to which the uncommonly large hyperfine anomaly is due to the properties of the 3/2+ groundstate of 193Ir 16, as wel as by the fact that < 71/2
Hi is the parameter which actually is determined by our least squares fits, particularly in cases of poor resolution or statistics, where the ratio of splitting factors was kept constant at G = ^1/2/^3/2 = 8-874 ±0.013 4,6 for the Ir-Fe and at G = 8.87 ±0.05 6 for the Ir-Ni alloys.
Good fits to the Zeeman patterns of the 14.4 keV 7-rays of 57Fe were obtained with a superposition of six Lorentzian lines, if allowance was made for the 15 G. J . P e r l o w , W . H e n n i n g , D . O ls e n , and G. L. G broadening of particularly the outer lines in the lines are given in Table 3 together with the average alloys with all but the lowest Ir concentrations. The hyperfine field at the iron nuclei. A single line was results obtained for the widths of the outermost fitted to the 57Fe spectra of the paramagnetic (Wt), intermediate (W2) and inner pairs (W3) of y-phase alloys. The signs of the hyperfine fields do not follow directly from the nuclear gamma resonance data reported here. However, in pure iron the field is known 20 to be negative. The fields at Ir in Fe and Ni were, in the course of the present work, shown to be equally negative by measurements of the change of the effective hyperfine field with the magnitude of an externally applied magnetic field.
The isomer shifts of the 73.2 keV 7-rays of 193Ir (Tables 1 and 2 ) are all given with respect to Ir metal, which is known5 to exhibit a shift of -(0.540 ± 0.004) mm/s with respect to an Os metal source. The 57Fe isomer shifts are referred to the source of 57Co in Pd.
In Figs. 4 -6 the essential results obtained for the Ir-Ni and IrFe alloys are plotted versus the iridium concentration.
In the Ir-Ni system the hyperfine field decreases about linearly with the Ir concentration and extra polates to zero near 20 at.% Ir. This behaviour follows that of the magnetic moment per Ni atom as given in Table 1 and by C r a n g l e and P a r s o n s 8, whose measurements cover the region up to 6 at.% Ir only. The isomer shift decreases monotonically with the Ir concentration from + 0.90 in dilute IrNi alloys to zero in pure Ir, with a slight change S. S. H a n n a , J. H e b e r le , G. J. P e r l o w , R . S. P r e s t o n , and D. H . V i n c e n t , P hy s. R ev. L etters 4, 513 [I960].
of the slope of the isomer shift versus concentration curve near 20 at.% Ir, where the collective magne tism breaks down.
In the Ir-Fe system matters are complicated by the coexistence of the a and 7 phases in samples with concentrations between 11.0 at.% Ir and 22.5 at.% Ir. Since only the bcc a-phase is ferro magnetic, the fee phase gives rise to a single ab sorption peak in the middle of both the 193Ir and the 57Fe gamma resonance spectra (cf. Figs. 2 and  3 ). In the 193Ir spectra of absorbers consisting of alloy filings the single peak due to the 7-phase became first visible at 13.5 at.% Ir and increased in relative intensity until, at 22.5 at.% Ir, the Zeeman pattern of the a-phase had virtually dis appeared. However, in the rolled absorbers which were used for measurements on both 193Ir and 57Fe, the pure a-phase persisted up to 16.2 at.% Ir, and the coexistence of the two phases was observed for the 22.5 at.% sample only. The 7 a-phase trans formation induced by cold-rolling was confirmed by the x-ray patterns taken of both the rolled and filed samples. For all samples outside the 13.5 at.% Ir to 22.5 at.% Ir range, the rolled and filed absorbers yielded essentially the same results and only weighted averages are given in Table 2 .
The magnetic moment per iron atom at first increases with the Ir content of the alloys and then, having passed through a maximum near 10 at.% Ir, decreases rather rapidly (Fig. 5 ). This behaviour is in qualitative agreement with that observed by F a l l o t 9, but the initial increase of the moment with the Ir concentration is more pronounced than in Fallot's work, the discrepancy perhaps being due to the fact that the present measurements were performed at 4.2 K and those of Fallot at room temperature. The presence of the paramagnetic y-phase in alloys containing more than about 13 at.% Ir will result in a decrease of the average ordered moment per iron atom, as has already been pointed out by F a l l o t 9. Hence for higher Ir concentrations no definite conclusions as to the iron magnetic moment in the a-phase can be drawn from the available susceptibility data. The average hyperfine fields at both the Ir and the Fe nuclei in the a-phase alloys remain virtually constant up to 22 at.% Ir (cf. Figs. 5 and 6 ). At the same time the linewidths increase considerably with the Ir concentration, which indicates the presence of a distribution of hyperfine fields. This is best seen in the 57Fe spectra ( Fig. 3 and Table 3 ), where the linewidth of the outermost pair of lines increases most rapidly.
Discussion
The magnetic hyperfine interactions observed at solutes of d transition elements in ferromagnetic host lattices are usually considered to originate mainly from the Fermi contact interaction due to the polarized conduction electrons and to polariza However, ambiguities in the interpretation of such data make the magnitude of the surmised homoge neous fields at Ir in both Fe and Ni uncertain. In any case they seem to be small enough6 to be neglected in the present context.
With conduction electron polarization as the dominating source of the Ir hyperfine field the ap proximate proportionality between the magnetic mo ment per atom of the ferromagnetic host and the Ir hyperfine field (Figs. 4 and 5) is easily understood.
A strong concentration dependence of the Ni magnetic moment is known not only for Ir-Ni alloys, but also for alloys of Ni with other 4d and 5d elements8. Only recently a pronounced concentration dependence has been found for the hyperfine field at Ni in Ni-Pd alloys by means of nuclear gamma resonance experiments26 on 61Ni. The near linearity of the decrease of the magnetic moment and the Ir hyperfine field in the Ir-Ni system can essentially be understood in terms of a rigid band model for the host, if each solute Ir atom is assumed to donate about the same number of electrons into the Ni 3d band. The majority spin band being already full in pure Ni, the additional electrons will change the population of the minority 24 I. A. C a m p b e ll, Proc. Phys. Soc. London 89, 71 [1966] . 25 A. J . F r e e m a n , J . V . M a l l o w , and P. S. B a g u s , J . Appl.
Phys. 41, 1321 [1970] . 26 U . E r i c h , J . G ö r i n g , S. H ü f n e r , and E . K a n k e l e i t , Phys.
Letters 31 A , 492 [1970] .
band only. At about 22 at.% Ir, the concentration at which the magnetic moment extrapolates to zero, we have to assume both Ni d-bands to be filled. The fact that the Ir hyperfine field extrapolates to zero at about the same concentration seems to justify our neglect of all sources of the Ir hyperfine field other than conduction electron polarization, but definite conclusions in this respect would require more data for concentrations near 20 at.% Ir.
In the Ir-Fe system the electrons supplied by the solute may populate both half-bands. Roughly balancing population numbers can explain the fact that both hyperfine field and susceptibility depend but weakly on the Ir concentration.
A striking feature in the behaviour of the Ir-Fe system is the virtual concentration independence of the hyperfine fields at both Ir and Fe, while Fig. 5 shows that the magnetic moment per iron atom increases slightly with the Ir content of the alloys, at least up to 10 at.% Ir. Whereas the Ir hyperfine fields exhibit a slight increase with concentration (Fig. 5) , the average fields at the iron nuclei re main constant to within better than 1%, but at the same time the increasing linewidth indicates a distribution of hyperfine fields. The constancy of the average field contrasts with the behaviour of iron-rich Fe-Rh alloys, where the increase of the magnetic moment with the Rh concentration is paralleled by an increasing magnitude of the iron hyperfine field 27. In both RhFe and IrFe the nearest and next-nearest Fe neighbours to the impurities have magnetic moments which are larger by about 3% and 5 % 24, respectively, than the unperturbed iron moment. The analysis of C a m p b e l l and B e r -NAS 28 gives a phenomenological description of the observation that the Fe hyperfine field is substan tially changed in the neighbourhood of impurities like Os, R e 28 and W 29, but not in the vicinity of Ir solutes. Their interpretation implies, that in the Ir case the increase of the magnitude of the iron core polarization field, which is proportional to the increase in the magnetic moment, is just cancelled by the decrease of the conduction electron polariza tion due to the Ir neighbour with its nearly vanish ing local moment. It is felt that this concept also accounts for the virtual independence of the average iron hyperfine field on the Ir concentration. Over lapping shielding radii may account for the distribu tion of the fields around the average value at higher Ir concentrations.
According to the relation 30 A discussion of this behaviour has to take into account mere atomic volume effects as well as true changes in the electron populations at the atoms under consideration. In principle estimates of the electron density differences due to changes of the atomic volume can be obtained from the pressure dependence of the isomer shifts. Such data are avai lable for pure bcc iron 33,34 as well as for 57Fe in various metallic hosts 35, including Ta, W, Pt, and Au but not Ir. For the 73.2 keV transition in 193Ir no nuclear resonance experiments at high pressure have become known, but on gold isomer shift measurements36 as well as self-consistent-field calculations 37 of the electron density as a function of atomic volume have been performed. These data can be combined with the changes of the lattice constants in the Ir-Ni and Ir-Fe alloy systems as determined from our x-ray patterns. The resulting estimates show, that isomer shifts of the observed order of magnitude can well be due to atomic volume effects. It seems worth noting that the experimental values of the electron densities at both Ir and Fe consistently increase with decreasing volume. This is true even for the discontinuity con nected with the a -> y transition. The change of the 57Fe isomer shift during this phase transition is reminiscent of a similar change observed in pure iron 38. It is felt that 193Ir isomer shift measurements under high pressure will help to improve the understanding of the isomer shifts in Ir alloys. At present it cannot be excluded that part of the in crease in the s-electron density at the Ir nuclei in Fe and Ni as compared to pure Ir metal is due to the larger value of the effective screening radius in the alloys as compared to atomic iridium 5d or bitals.
We wish to thank Dr. H. B e r n d , Zentralinstitut für Tieftemperaturforschung der Bayerischen Akademie der Wissenschaften, for his help with the susceptibility measurements.
